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ABSTRACT noncoherent or differential modulations, including conven-
tional frequency-shift keying (FSK) and differential phase-

In wireless networks, relay transmissions can enable cQgp it keying (DPSK) [3, 4, 13], as well as space-time coding
operative diversity by forming virtual antenna arrays. The(STC)based ones [5, 11].

optimum resource allocation in such relay networks is crit-
ical to enhance their performance and efficiency. However

existing works on resource optimization only consider single ' Toimprove the error performance and enhance the energy
9 P yee ng efficiency of relay networks, optimum resource allocation re-
relay systems and focus on the power allocation. In this p

. R aC'ently emerges as an important problem attracting increas-
ber, we cc_)ns!der both the power op'Flmlzanon and the IOcai'ng research interests (see e.g., [2, 8, 12]). These works are
tion optimization for systems with arbitrary number of relays.based on different relaying protocols (amplify-and-forward,

Equally attractive is that our investigation is tailored for dif- ;.40 o4 e0 o 4 and block Markov coding), under var-
ferential modulations, which bypass the channel estimatiop optimization criteria (signal-to-noise ratio (SNR) gain,

at the receiver and are particularly suitable for wireless rez . - .
. . SNR out bability, ff d ty), and
lay networks. We first derive an upper bound of the erro outage probability, energy efficiency and capacity), an

. ith diff t levels of CSI (instant CSl and ch I
performance. Based on this bound, we then develop the o h ciieren’ 1evels o (instantaneous and channe

i d dist locati h that mini _%iatistics). However, all of them only consider the power al-
imum energy and distance allocation schemes that minimizg, . ;024 mostly focus on a single-relay setup.

the average system error. Analytical and simulated compar-

isons confirm that the optimized systems provide consider- . . . .
. S -, In this paper, we consider a relay network with arbitrary

able improvement over un-optimized ones. In addition, we .
number of relays. More importantly, we treat the resource

show that location optimization may be more critical than en- . L ) L
ergy optimization. allocation as two opt|r_n|z§1t|o_n problems: the_ optlm_lzatlon of
the energy (power) distribution and the optimization of the
relay location. Equally attractive is that our analysis is tai-
1. INTRODUCTION lored for relay systems with differential modulation, which is
known to reduce the receiver complexity by bypassing chan-
Recent studies show that networks consisting of unmannetel estimation [3, 4, 5, 13]. To enable the resource optimiza-
robotic and tele-operated aerial and ground vehicles etc. sertion, we first derive an upper bound of the overall symbol
ing as sensors, communications relays and weapons systegrsor rate (SER) performance for relay networks employing
are enablers of the C4ISR capabilities [14]. In particular, rethe decode-and-forward (DF) protocol. The energy and loca-
lay networks provide diversity gains by forming virtual an- tion optimization will then be carried out based on this perfor-
tenna arrays with distributed network nodes in wireless commance bound. We show that under the constraints of the total
munications. By exploiting the cooperative diversity, the an€nergy per symbol and the source and destination distance,
tenna packing limitations can be eliminated and the spatidhe optimum SER performance can be achieved through the
diversity gain can be achieved [1, 7, 9]. A majority of exist-joint energy and location optimization. Interestingly, location
ing works on relay networks focuses on coherent demodulaptimization may be more critical than energy optimization.
tion based on the availability of the channel state informatiorin other words, near-optimum performance can be achieved
(CSI) at both the relays and the destination node (see e.day location optimization alone, but not by the energy opti-
[7, 9, 10]). Accurate estimation of the CSI, however, can in-mization alone.
duce considerable communication overhead and transceiver
complexity, which increase with the number of relay nodes The rest of this paper is organized as follows. The sys-
employed. In addition, CSI estimation may not be feasibléem model, including the relay protocol, the differential (de-
when the channel is rapidly time-varying. To bypass chan}modulation and the diversity combining rules for the relay
nel estimation, cooperative diversity schemes obviating CSransmission, is introduced in Section 2. In Section 3, an
have been recently introduced. These relay systems rely SER upper bound is established for a relay setup with arbi-
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bypass channel estimation. Specifically, with ttth phase-
shift keying (PSK) symbol being denoted gs= e727¢n/M |

\ \ \ \ \ NS cn € {0,1,..., M — 1}, the corresponding transmitted signal
| [\ from the source is:
NOL s | x5_15n, n>1
\\dESUnatlord Tn = { 1, n = 0. @)

The encoded signal is broadcast via a common channel, and
the received signal at theh relay is given by

%\\\\\\\\

sources relays{ri}_; YT = JERTTE 4 k=1,2, L @)

Fig. 1. Setup of the relay network. whereé&; is the energy per symbol at the source node, the

trary number of relays. The optimum energy and distanc&ding coefficient of the channel betwgz,eandrk during the
allocation is derived in Section 4. Simulations, comparison&th symbol duration igi;+* ~ CA(0, 03, ), and the noise
and discussions are presented in Section 5. Summarizing reemponentz;* ~ CA(0,N,, ). This signal is differentially
marks are given in Section 6. demodulated and remodulated independently at eachirglay
The demodulation step generates an estirdgtdrom y, x-*
Notation: We use(-)* for conjugate,E[] for expectation, in Eg. (2), using the decision rule that we will present in the
R{-} for the real part, and := for “is defined as’\'(u, 02) ~ nextsubsection. The remodulation step is carried out as in Eq.
represents the complex Gaussian distribution with mean (1), but withs,, replaced by its estimate ang, replaced by

and variancer2. x7*. Then, the received signal at the destination correspond-
ing to each relay node is given by
2. SYSTEM MODEL ydbre = /€ hdmeark 424 k=12, L, (3)

Consider a network setup with one source nedé re-  whereé,, is the energy per symbol at t¢h relay node, the
lay nodes{r;};_, and one destination nodg as depicted fading coefficient of the channel betweenandd during the
in Fig. 1. Each node is equipped with a switch that controls,th symbol duration il ~ CA’(0,07, ), and the noise

3Tk

its transmit/receive mode to enable half-duplex Commu”ica(:omponent isd ~ CA(0,N;). Accordingly, we can find the

tions. Multiplexing among the network nodes can be achieveh .o eq instantaneous signal-to-noise ratio (SNR) between
via frequency-division, time-division or code-division teCh'the transmitteg and the receivei as

nigues. For notational convenience, we will consider the time-

division multiplexing (TDM). However, the presented anal- |nGi2g;

ysis and results are readily applicable to frequency-division Vi = a0 W € {s, i, d}-
multiplexing (FDM) and code-division multiplexing (CDM).

Then, the average received SNRyjs = (0}, jEj)/M.

2.1. Relaying Protocol and Channel Modeling
2.2. Differential Demodulation and Decision Rules
We consider the decode-and-forward (DF) relaying pro-

tocol, in which the relay nodes de-modulate the signal from AS mentioned before, differential demodulation is per-
the source node, then re-modulate and forward to the destinf2rmed at the relay and destination nodes. To derive the de-
tion node. During the first segment of each symbol duration"edulation, decision and diversity combining rules, let us be-
the source node broadcasts the first symbol to all relay node@n with the rece|veq S|gnal atthe relay or the destination node
Next, each relay transmits the remodulated signal to the de#la = nn + 2n, Which is extracted from Egs. (2) and (3) by
tination during their distinct segments within the rest of thedrOPPINg the superscripts. Using the differential encoding in
symbol duration. As a result, the total 6fsource-to-relay Ed- (1), the received signal can be re-expressed as:

(s—7) links share a common channel, whereasithielay-to-
destination { — d) links have mutually orthogonal channels.
With TDM, the orthogonality is eqsured by as;igning diStinCtherez;L = 2p — Zn_15n. FOr M-ary PSK symbols, it follows
time segments to each relay. This setup is widely adopted ifhatE[s* s,,] = 1. Hence, the conditional distribution gf, is
relay networks (see e.g., [2, 4, 9]). complex Gaussian with meajp, 1 s, and variance\;. As

a result, we obtain the log likelihood function (LLF) gf as:
As we mentioned in the introduction, differential modu-

lation is considered at both the source and relay nodes to %/ (y,,) := Inpy |s, WnlIm) = R{(Wn) Yn-1Lm}, (4

Yn = hn(xnflsn) +zn = Yn—1Sn + Z;L 5



wherei,je{s, rg, d}, I,=e’>"/M andme{0, 1,..., M —1}.  whereM,(z) = 1/(1 — 27), Y= > 0, and¥ represents the
average signal-to-noise ratio (SNR). In particular, fér= 2
At the kth relay node, the differential demodulator is then(DBPSK), Eq. (6) can be simplified as

straightforward: )

. / P - 00— . 7
§Z’€:eﬂ”m /M ) — argmax [ k% (yrk®) O 2(1+ Vres) 0
m
=argmax R{(y;**) y, ' I }. At the destination, the signals from tlierelays are com-
m

bined to make a decision. Conditioned on that the sympol
At the destination node, however, there ardifferent LLF's  is correctly demodulated and remodulated at all relay nodes,
corresponding to thé& transmitted signals from the relays:  the conditional SERP, 4 can be obtained by applying the re-
sults for L-diversity branch reception af/-phase signals in
15 (y) = R{(yE™) ye i I}, k=1,2,...,L. (5) [15, Appendix C] as:

Rd:(—l)L—lu—u?)L(aL—l{ 1 [l(M—l)

) ) o ’ m(L—1)! AL \b—p? | M
If the channel state information (full or partial) is known sin(r /M) —picos(n/M)
at the relays and the destination node, then it is possible to ~ —— — cot £ — }}) ,(8)
combine the LLF’s by capturing the detection error at the re- Vb—p2eos? (/M) Vb—p2cos? (/M) 1) /=

lay node according to the so-termed transition probability (see _ _
e.g., [3]). However, keeping in mind that differential modula-wherﬁf‘ d: Y/ (1 + Ta.r,.). For DBPSK, Eq. (8) can be
tion is considered in the first place because of its capability of pned as

bypassing channel estimation, we will focus on the scenario 1 L1 o0 71— 2\ *

whereno channel state information is available. Under this P.g=~ [1 _ “Z < ) ( H > ] ' @)
circumstance, the LLF's in Eq. (5) have to be combined with 2 k=0 k 4

equal weights. Accordingly, the decision rule at the destina-

tion node can be readily obtained as:

Using the unconditional SER. ,, at the relays and the

conditional SERP, 4 at the destination, we formulate an up-

L per bound on the overall average error performance, namely
§l=e2mm' /M ) —arg max Z R (L) y®m I} the unconditional SER. at the destination, as follows:

k=1

With no channel information assumed at either the relays OI?ropos_mon 1 With 7%, and P q given by Egs. (6_) and (8),
the destination node, this decision rule turns out to be the difr_%pecnvely, an upper bound on F. can be found as
ferential detection with postdetection equal gain combining L

(EGC) [17, Chapter 6.6]. Po<Po=1-]](1=Per)(1 - Pea). (10)

3. ERROR PERFORMANCE ANALYSIS Proof : To prove that Eq. (10) provides an upper bound on

To facilitate our resource optimization, we will derive the the exact SER', let us start with the probability of correct
b ’ detectionP, = 1 — P.. Counting the events that lead to the

ar_lalytlcal expression of_the error performanqe for the CooPeréorrect detectionP, can be obtained as
ative system described in the preceding section. Symbol error
Erobablhty of cooperative networks with relay transmissionsy, _ PH[(87 = s, V) N (39 =s,)] (11)

as been derived in [9] for coherent detection, and in [13] e a
for a differential scheme with a single relay, both employing " (83 # 5n, for somek) N (87, =5 )]}
the amplify-and-forward (AF) protocol. Here, we consider a = PH{8h=s,|3) =sy, Vri}-PH & =s,, Vri}
generalL-relay setup under the DF protocol, with differential ~ + Pr{3¢=s,,|5"*+s,, for somek}-Pr{ §"*+s,, for somek}.
(de-)modulation and diversity combining assuming no CSlI.

wheres’s ands¢ are the symbol estimates formed at the relay
Let us denote the average symbol error rate (SER) at the; and the destinatiod, respectively. The first summand in

kith relay node a%. ., . For differentiald/-ary PSK (DMPSK)  Eq. (11) turns out to b§[;_, (1 — P.,,.)(1 — P..4), which
signaling, thes — rj, link SER P, ,,, can be obtained as [16, leads to the upper bound in Eq. (10).
Chapter 8.2.5]

P :\/gPSK/"/QJV[%(—[l—\/1—gp5Kcos@]) 20
&Tk 21 Jonso 1—v/1=gpsk cosd ’

Several remarks are due here on the second summand in
Eg. (11), which corresponds to the gap between the true SER
and its upper bound\ P, := P, — P. and determines the

(6)
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Fig. 2. SER at differenty,,, values € = 2, M = 2). Fig. 3. SER at differenty, - values (L = 2, M = 2).
tightness of the error bound in Proposition 1. For DBPSK
with a single relay L = 1, M = 2), this gap can be easily
obtained as:

increasing the SNR of the— r link 4, ; and does not
exhibit any error floor.

AP, = P.,P.q4. (12)

For practicalP, . andP. 4 values (e.g.< 1073), AP, is neg-
ligible compared withP, = P. , + P, q — 2P, ;P q. How-
ever, forL, > 2, all possible errors have to be considered for
both thes — r andr — d links, which rendersA P, analyti-  on the overall SER of the relay network. Our simulated and
cally untractable. But intuitively, as theincreasesAP. also  numerical examples indicate that the- r link SNR and the
increases since there is an increasing chance that detection gr= ¢ link SNR play unbalanced roles in determining the sys-
rors at the relay nodes do not lead to a detection error at them SER. In this section, we will investigate the effects of
destination node. In addition to this effect, the performanceesource allocation on the SER performance. We will show
boundP, and the gag\ P, also depends on the quality of the that an optimum allocation of the limited resource is possible,
s —randr — d links. and it achieves the optimum system error performance.

4. OPTIMUM RESOURCE ALLOCATION

In the preceding section, we derived a simple upper bound

These effects are evident from the simulated examples in For analytical tractability, we consider an idealizedelay
Figs. 2 and 3, where a relay network with= 2 relay nodes  system with all relay nodes located at the same distance from
using DBPSK signaling is considered at varigus andya,»  the source and the destination nodes; thaDis,, = D,
levels. In these simulated examples, the channels between taﬁdDT 4 = D,.q4, Vk. Itis then reasonable to assign equal
source and all relays have identical powefs == o} .  energies at all relay node%, = &, Vk. To carry out the
Vk, which implies thaty,, s = ¥, Vk. Accordingly, we  optimization in the ensuing subsections, we will also make
havePe o =P, Vk,andP. < P, =1—(1—-P.,)l(1—  use of the relationship between the average power of channel

P. 4) from Proposition 1. Likewise, the SNR between all thefading coefﬁuentoh ~and the inter-node distande; ; as
relay nodes and the destination have the same pawer,=  follows:
Ya.r, Vk. In both Figs. 2 and 3, the bourfd closely captures
the dependency of the system SER on the SNR leyelaind
~a.r- Specifically, we have the following observations:

,=C-D;7

7,00 i,jé{s,r,d}, (13)
wherev is the path loss exponent of the wireless channel and
C is a constant which we henceforth setltaithout loss of

generality.

e Fig. 2 reveals that, at any given value®f;, the sys-
tem SER exhibits an error floor gg . increases. Intu-
itively, this error floor comes from the detection error at
the relays, which heavily relies on the- r link quality
7, and can only be reduced by imposing sufficiently4-1. Optimum energy allocation

high 7. Problem Statement 1 For any given source, relay and des-
e On the contrary, Fig. 3 shows that, at medium-to-hightination node locations (D; - and D, 4, or equivalently o,
74, levels, the overall SER can always be reduced byand a,%d ), and the total energy per symbol £, determine the



optimum energy allocation &, and &, which minimize P, in
Eq. (10)while satisfying:

L
Est+ Y & =E+LE=E.
k=1

(14)

Without loss of generality, assuming that all noise compo
nents are independent and identically distributed (i.i.d) witt
N, = Na = Ny. Then, by defining the total SNR, :=
&/ Ny, the transmit SNR at the source nqde= £,/N, and
the transmit SNR at the relay nodes:= &, /Ny, the energy
constraint can be re-expressed as the SNR constraint :

p=ps+Lp. (15)

Using Eg. (13), the average received SNR’s at the relay anu

s

Optimum energy: p

Exact
— — — Approximation
Simulated

0.4 0.6 0.8

s,

destination nodes can be expressed in terms of the transmit

SNR’s as:

— _ 2 . -
Yr,s = PsOh, = PsDgY

and Yd,r = PrU%d’r = prD;;/ . (16)

Fig. 4. Optimum energy distributiony(= 10dB, L = 1, DBPSK).

can findp, as in Eq. (18). The detailed proof of the exact so-
lution and its simplification for the optimum energy allocation
can be found in [6]. From Eq. (18), it readily follows that the

As a result, the total energy constraint (15) can be furthegnergy allocation ratio between the source and the relay nodes

rewritten as

p=Ars/oh. .+ LAar/on, = ArsDY .+ LAarDy g - (17)

To gain some insights, we start from a single-relay setup

and establish the following result:

Proposition 2 For a single-relay setup with L = 1, at given
s —randr — d distances D; , and D, 4, and under the total
energy constraint in Eq. (14), the optimum energy allocation
& should satisfy :

—v/2 —v/2
p :—Dr’d peE - rd ¢ (18)
R L

and correspondingly, £, = £ — &,.

This solution is achieve by solving the first order condi-

tions under medium-to-high SNR values. Treating the SERY:

boundP., as a function ofy, s and?, ., we have the first or-
der conditions for the optimum solution

O \pr, =0, (19)
r,s ’
P
< MDY, =0, 20
aﬁ/d,r r,d ( )
P — (WT,SDZ,T + 'Vd,rDz,d) =0, (21)

where is the Lagrange multiplier. From Egs. (19) and (20),
we can achieve the expressiongf,. Then, by substituting
~a.r INto EQ. (21), the following exact solution (see Eq. (22))

IS

Es
Er

Ds,'r‘

23
Drs (23)

(3"

Eq. (23) reveals explicitly that the optimum energy allocation
heavily hinges upon the inter-node distances. In addition, the
path loss exponent of the wireless channehlso affects the
optimum energy allocation. Interestingly, the/&, ratio is
linear inDy ,./D, 4 only wheny = 2.

Fig. 4 depicts the transmit SNR, obtained from the op-
timum energy allocation. A one-dimensional setup is consid-
ered; that is,D; , + D, 4 = Ds 4. The system parameters
are:p = 10dB,L = 1, D,y = 1 andv = (1,2,3,4). In
Fig. 4, the simulated optimum, is plotted, together with the
exact analytical value in Eq. (22) and the approximation in
(18). Although the approximate expressions Eq. (18) is
obtained under the high SNR assumption, they remain very
accurate even at the medium SNRIOfB.

From Fig. 4, we also observe that, for allvalues, the
source node energy; increases as the relay moves towards
the destination node. With = 2, & increases linearly with
D; .. At higher values of the path loss exponent> 2, we
observe that

< Ds,r/Ds,da
> Ds,r/Ds,da

whenDs , < Ds q/2 ,
whenDs , > Ds q/2 .

Ps

o

p

(24)

In other words, the optimum energy allocation faviheslink

for p, is achieved. By applying high SNR approximation, wewith larger inter-node distance. When the path loss exponent



£, 2D, % + D5 D, (6D, [ p+5)+ 2D (2D, 3 p> + 3D, p+1) 2D, p+3 22)
No 77 AD5ID, ;(DF — D)2 2D5r = Dyy)’

v = 1, Fig. 4 shows the opposite of Eq. (24).

So far, we have been focusing on the single-relay cast
where an analytical solution in Eqg. (22) can be obtained an
a very accurate and insightful approximation is available un
der the high SNR assumption. Fbr> 2, however, the first
order conditions obtained by differentiating the SER bounc
P. have complicated forms, which render analytical solution:
impossible. Fortunately, the SER bouRdas in Proposition
1 still allows for anumerical search, as opposed to Monte
Carlo simulations needed otherwise.

s,

Optimum location: D

0.2 Numerical search

— — — Approxitmation
------ Simulated

For example, with DBPSK anfl = 2, we have 01r

L L L L
0 0.2 0.4 0.6 0.8 1

1 3/ Har 1( Far >3 oo
Pog=-—o(Jdr Yo (dr ) (25 :
d 2 4 (1 +'7d,r> 4 (1 +’7d,r ( )

Fig. 5. Optimum location distribution{ = 10dB, L = 1, DBPSK).

and, accordingly, the SER bound is given by

32 2+ Far) (1 + 27a,)? Proposition 3 For a single-relay setup with L = 1 and the
_In % % (26) ST )
A1+ 97021+ 7a, ) source-destination distance D; 4, and let £ and &, denote
' ' the prescribed transmit energy levels at the source and relay
By using the first order conditions in Eq. (19) and the highnodes, respectively, the optimum [ocation of therelay is
SNR approximation, the optimufm s andy,,,- should satisfy

P.=1

1/(v—1
ps/( )

1/(r—1 1/(v—1)
ps/( )+p7~/( )

DS,T = Ds,d 9 (28)

A1 +3a,) 2+ Far) L+ 25a,) _ Dra
3r,s (14 9r.s) Dyy

(27)

and, accordingly, D, g = Ds g — D .

Although an analytical solution is not readily available, one
can resort to the numerical search. Similar to the energy optimization case, the solution can
be achieved by solving the first order conditions, in which
we treat the SER boung. as a function ofD, , and D, 4.
We omit detailed proof due to the space limit. With the one-

Consider now a one-dimensional relay setup with the disdimensional setup, Proposition 3 can be represented as
tance between the source and the destination bBing If

4.2. Optimum distance allocation

the transmit energies at the source and relays are preset, where D, . p \ Y e\ YD

is the optimum location to place the relays? To answer this Dyq (;) - (5_T> (29)
question, we treat the distané, ; as a fixed resource and

formulate an optimization problem as follows: Interestingly, Eq. (29) bears a very similar form as its coun-

terpart for the optimum energy allocation in Eq. (23). In fact,

Problem Statement 2 For any given transmit energiesatthe ~ When the path loss exponent= 2, Eq. (29) is essentially
sourceand relay nodes (€, and £,., or equivalently p, and p,),  identical to Eq. (23). For generalvalues, however, these
and the path loss exponent v of the wireless channel, deter-  two relationships are quite different. Such a discrepancy is
minethe optimal location of therelays, D, ., whichminimizes ~ actually very reasonable, because Eqgs. (23) and (29) result
P, in Eq. (10)while satisfying 0 < D, < Dy 4 - from two distinct optimization problems: the former is ob-
tained for arbitrary distance3, , andD,. 4 under a total en-
Starting with the single-relayl( = 1) setup and apply- ergy constraint; whereas the latter is obtained for prescribed
ing the high-SNR approximation, we establish the following€, and &, under a total distance constraint. With the SER
result: boundP. being a two-dimensional function, the energy and



10° ‘ ; ‘ ; 10°

- - L=1
‘ Without location optimization l L=2
N N o - —-L=3
Direct transmission ‘ With location optimization ‘ ..... L=a
Direct transmission
107} ;|_0’1 E
o o
ul i}
n n
g [N
g g
g g
< <
107} 107}
o
107°L L L L 10 3 i i i i
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Do plp

Fig. 6. SER comparison between relay systems with and withoufig. 7. SER comparison between relay systems with and without
energy optimizationd = 10dB, v = 4, DBPSK). location optimization 4 = 10dB, v = 4, DBPSK).

location optimizations are carried out on uncorrelated dimensystem without energy optimization, a uniform energy alloca-
sions. tion is employed; that isps = p, = p/(L + 1) atanyDy .
From Fig. 6, we observe that: i) the un-optimized system
For generall values, the optimum location can be deter-may even under-perform the direct transmission, regardless
mined in the similar manner as we discussed in the precedir@f the number of relay$; ii) as L increases, the SER perfor-
subsection. Essentially, the path loss exponergnders it mance can get even worse unless the energy optimization is
impossible to derive the analytical solution to the optimumperformed; iii) the energy-optimized system universally out-
location problem, even with the high SNR approximation.performs the direct transmission with the same total energy;
One can resort to the numerical search using the SER bourd iv) the energy-optimized system universally outperforms
in Proposition 1. In Fig. 5, the optimum distances obtainedhe un-optimized system. These observations confirm our dis-
from the numerical search and the simulations are compare@!ssions in preceding sections.
for differentv values, at total SNR = 10dB and withL = 1
relay node. Notice that, as its counterpart in Fig. 4, the opti- Interestingly, notice that the minima of the energy-optimized
mum distance allocation is linear & /£ only wheny = 2. SER curves almost coincide with those of the un-optimized
ones. Thisimplies that the near-optimum SER can be achieved
Summarizing, we established the optimum energy and digeven with the uniform energy allocation across the source and
tance allocation rules which minimize the SER of the relayelay nodes, provided that the relay location is carefully se-
system. The analytical solutions were derivedfoe 1, and  lected.
numerical search can be performed foe> 2. To verify the
performance improvement resulted from the optimization, we In Fig. 7, we verify the advantage of the optimum dis-
will present extensive comparisons, generalizations and fufance allocation by comparing the SER with and without lo-
ther discussions in the next section. cation optimization. Again, the SER of a direct transmis-
sion using all available energy is plotted as the benchmark.
In the system without location optimization, the relays are
5. SSIMULATIONS AND DISCUSSIONS placed at the midpoint of the source-destination link, as sug-
gested in [9, 13]. Similar to the energy optimization case,
Next, we will discuss the performance of the DF based coopFig. 7 confirms the advantages of the location optimization:
erative system combined with differential demodulation and) the un-optimized system may even under-perform the di-
optimum resource allocation. rect transmission, regardless of the number of relgays the
location-optimized system universally outperforms the direct
To verify the advantage of the optimum energy allocationtransmission with the same total energy; and iii) the location-
we plotin Fig. 6 the SER of the relay system with and withoutoptimized system universally outperforms the un-optimized
energy optimization, g¢ = 10dB and with various numbers system. Different from the energy optimization case, how-
of relaysL = (1,2,3,4). As a benchmark, we also plot the ever, asL increases, the SER performance always improves
SER of a direct transmission using all available energy. In theven without any location optimization.



[5] W. Cho and L. Yang, “Distributed differential schemes

The curves in Fig. 7 also exhibit more flatness compared  for cooperative wireless networks,” iRroc. of Intl.
with the ones in Fig. 6. This implies that the system SER Conf. on Acoustics, Speech, and Sgnal Processing,
is more sensitive to the location distribution than to the en- Toulouse, France, May 15-19, 2006.
optimized SER curves are far from those of the un-optimized ~ \yorks with differential modulation.” ifProc. of MIL-
ones, except for thé = 1 case (see Fig. 7). This indicates COM, Washington, DC, Oct 23-25, 2006 (to appear).
that placing the relay nodes at the midpatahnot achieve “
the minimum SER even with careful allocation of the source [7] ‘(]).pzlfaLt?/r;edT/aerr]éitDyir’:l;/v(i:r.e;gssz néaezrjta/(?rl.(:'v.Evf\f/i?::gﬁ'!lbr(():tg-
and relay energies, for ay > 1. Notice that, even with opti- cols and outage behaviotEEE Trans. oﬁ Information

mum energy allocations in Fig. 7, the midpoint relay location B
still cannot achieve the minimum SER, unleés= 1. This is Theory, vol. 50, no. 12, pp. 3062-3080, December 2004.

to be distinguished from the uniform energy case depicted in[8] Y- Liang and V. V. Veeravalli, “Gaussian orthogonal re-

Fig. 6, as well as from the coherent relay systems in [9]. lay channels: Optimal resource allocation and capacity,”
IEEE Trans. on Information Theory, vol. 51, no. 9, pp.

3284-3289, September 2005.

[9] A. Ribeiro, X. Cai, and G. B. Giannakis, “Symbol error

In this paper, we investigated the optimum energy dis- probabilities for general cooperative link$EEE Trans.
tribution and optimum location of relays in a system with on Wireless Communications, vol. 4, no. 3, pp. 1264—
arbitrary number of relays employing differential demodula- 1273, May 2005.
tion. The base of our optimization is an upper bound on th¢10] A. Sendonaris, E. Erkip, and B. Aazhang, “User cooper-
average SER, which we derived for the decode-and-forward  ation diversity, part I: System descriptiohZEE Trans.
cooperative protocol. Our simulations and numerical exam-  on Communications, vol. 51, no. 11, pp. 1927-1938,
ples confirm that both the energy and location optimizations November 2003.
provide considerable SER advantages. Without optimizatiorlil]
the system with more relays may at times underperform the
system with less relays or the direct transmission. We have .46 transmissions.” iRroc. of Global Telecommunica-

glso shown that the Ioca.tioln optimization may be more cr_it- tions Conf., St. Louis, MO, November 28-December 2,
ical than the energy optimization. In other words, the dif- 2005,

ferential relay system with uniform energy distribution can
achieve near-optimum SER by appropriately choosing the re[g'z]
lay location; while a system with relays sitting at the midpoint
between the source and the destination cannot approach the
optimum SER even with optimized energy distribution.

6. CONCLUSIONS
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